P.J.G.).
Small RNAs are a type of noncoding RNA that regulate gene expression at the transcriptional or posttranscriptional level. The two major classes of small RNAs are small interfering RNAs (siRNAs) and microRNAs (miRNAs). While both classes are similar in size (20-24 nucleotides [nt]), siRNAs and miRNAs have different biogenesis pathways and gene regulation mechanisms. In plants, siRNAs are generated from double-stranded RNAs that are synthesized by RNA-dependent RNA polymerase (RDR) proteins (Xie et al., 2004) . These long double-stranded precursors are processed into 21-to 24-nt siRNAs by a member of the DICER-LIKE (DCL) family of proteins, typically DCL2, DCL3, or DCL4. Most siRNAs direct chromatin modifications and DNA methylation to regulate transcription (Lippman and Martienssen, 2004) . In contrast, miRNAs are excised from precursors that are transcribed by RNA polymerase II as single-stranded precursors. These precursors have regions of self-complementarity and adopt a stem-loop secondary structure. DCL1 protein recognizes the secondary structure and processes the precursor into a miRNA:miRNA-star (miRNA*) duplex (Park et al., 2002) . From the duplex, the miRNA associates with an ARGONAUTE (AGO) protein in an RNAinduced silencing complex, where the miRNA base pairs with a complementary sequence in a target mRNA, directing posttranscriptional regulation of the mRNA through cleavage or translational repression (Bohmert et al., 1998) .
Recent advances in technology, such as high-throughput sequencing methods, have accelerated the identification of new miRNAs (Lu et al., 2005; Pritchard et al., 2012) . Sequence-based miRNA profiling has also revealed the sequence heterogeneity of canonical miRNAs due to variants that arise from the same precursor, also known as isomiRs (Fernandez-Valverde et al., 2010; Wyman et al., 2011) . These include minor sequence or length variation. In many cases, the isomiRs result from variations of DICER processing (Starega-Roslan et al., 2011) , RNA editing (Kawahara et al., 2007) , or processing at the ends of miRNAs by exoribonucleases (Xue et al., 2012) or nucleotidyl transferases (Wyman et al., 2011) . Based on the location of sequence variation, the isomiRs can be categorized as 59 isomiRs, 39 isomiRs, or polymorphic isomiRs (Jeong and Green, 2012; Neilsen et al., 2012) . While isomiRs originate from a single miRNA precursor, another type of miRNA variant derives from miRNA families. Many plant miRNA family members are generated from independent precursors that are encoded by different genomic loci. In some cases, different members have slight sequence or length variations. miRNA variants, including isomiRs, could affect target selection, miRNA stability, or loading into the different AGO proteins. However, our overall knowledge is still limited with respect to isomiR prevalence, regulation, and functional significance (i.e. AGO loading and impact on target specificity, relative to their canonical counterparts).
There are 10 Arabidopsis (Arabidopsis thaliana) AGO proteins, which are known to bind a variety of small RNAs, including siRNAs and miRNAs. Coimmunoprecipitation data have shown that many AGO family members have loading preferences based on the 59 start nt or size of a small RNA (Mallory and Vaucheret, 2010) . AGO1, for example is known to prefer 21-nt-long small RNAs with a 59 uracil, while AGO2 prefers 21-nt-long small RNAs with a 59 adenosine (Mi et al., 2008) . While coimmunoprecipitation data are available for nearly all expressed AGO family members, a comprehensive analysis of these data for AGO loading biases has yet to be carried out.
Since the cleavage of target mRNAs is a common function of plant miRNAs, examination of the resulting decay products can give essential clues about the role a particular miRNA plays. Construction and deep sequencing of Parallel Analysis of RNA Ends (PARE) libraries enables the identification of the 59 monophosphorylated decay products resulting from miRNAdirected cleavage (German et al., 2008 (German et al., , 2009 ). Because the AGO family members that cleave target mRNAs do so between bases 10 and 11 from the 59 end of the miRNA, predicted targets can be evaluated for specific decay products that miRNA-directed cleavage will leave behind. The precise nature of this cleavage makes it possible to distinguish within PARE data cleavages guided by miRNAs that differ by as little as 1 nt at the 59 end, enabling examination of the function of individual miRNA variants.
In this study, we utilized high-throughput sequencing of small RNA libraries to discover new miRNAs, miRNA variants, and miRNA regulation in Arabidopsis. Analysis of PARE data enabled us to evaluate whether these new miRNAs cleave their predicted targets. Finally, coimmunoprecipitation data were used to determine biases in the AGO loading of known and novel miRNAs, giving essential clues about their expression patterns and modes of action. By combining these three distinct types of sequencing data, along with validation experiments, a more comprehensive picture of Arabidopsis miRNAs was obtained. Moreover, the insights gained in specific cases emphasize the synergistic nature of this approach for miRNA analysis in plants.
RESULTS

Massive Sequencing of Arabidopsis Small RNAs from Diverse Tissues and Conditions
In order to conduct an in-depth examination of Arabidopsis miRNAs, small RNA libraries were constructed from seedling, root, and flower tissues of rdr2, dcl1, dcl2 dcl3 dcl4 (dcl234; see "Materials and Methods"), and Columbia (Col-0) wild-type plants. rdr2 was used predominantly, since this mutant is known to enrich for miRNAs by diminishing the population of siRNAs Nobuta et al., 2008; Supplemental Fig. S1 ). The dcl234 triple mutant is also known to reduce the proportion of siRNAs , whereas dcl1 has the opposite effect of reducing most miRNAs, amplifying the proportion of siRNAs in a library. In addition to various tissues and mutants, libraries were also made from plants subjected to a variety of environmental and nutrient stresses. These include many unprecedented samples, which were not reported before on a genomewide scale, including all stress treatments in the flowers, submergence in seedlings, and nickel stress in roots. In all, 27 small RNA libraries were constructed and sequenced, resulting in more than 164 million sequences. After trimming of small RNA adaptors and removal of transfer RNA (tRNA), ribosomal RNA (rRNA), small nuclear RNA (snRNA), and small nucleolar RNA (snoRNA), these libraries yielded more than 95 million genome-matched sequences (Table I) .
To date, this is the largest and most diverse small RNA data set from Arabidopsis contributed in a single report. As expected, the use of rdr2 and dcl234 significantly enriched the miRNA population, enhancing the analysis of known miRNAs and the search for new ones Nobuta et al., 2008; Supplemental Fig. S1 ).
would be possible to confirm annotated miRNAs and to find miRNAs missed in previous studies. The initial search for miRNAs focused on abundant small RNAs arising from annotated miRNA precursors as described in "Materials and Methods." Beginning with 199 MIR precursors encoding 194 distinct miRNAs (Kozomara and Griffiths-Jones, 2011) , 144 miRNAs were highly represented, having a sum of normalized abundance in all libraries of 50 or more transcripts per two million (TP2M), and they were included in further analyses. The abundance of sequences present in all 27 small RNA libraries, which matched to any point within these miRNA precursors, were plotted against their positions within the precursors to generate small RNA plots (S-plots; Jeong et al., 2011) . The most abundant small RNAs arising from annotated precursors were then broken into four categories ( Supplemental  Table S1 ): identical to annotated miRNAs ( Fig. 1A) , isomiRs of annotated miRNAs ( Fig. 1B) , abundant miRNA*s (Fig. 1C ), and abundant small RNAs unrelated to their precursor's annotated miRNA (Fig. 1D) .
In most cases (114 of 144), annotated miRNAs represented the most abundant small RNAs arising from their precursors. miR156a and miR172a represent the most common class within this first category, with a single abundant small RNA corresponding to the annotated miRNA, which is relatively reduced in dcl1 and increased in rdr2 mutant backgrounds ( Fig. 1A ). In addition, small RNA distributions in miRNA precursors represented the same trends in both rdr2 and the wild type. This implies that the loss of RDR2 function did not affect the predominant abundance pattern of mature miRNAs or other small RNA abundance patterns in miRNA precursors. Next, we also noticed that unannotated small RNAs did represent a substantial portion (25%-75%) of the total small RNA abundance in many cases. Several abundant small RNAs represent the second category, isomiRs of annotated miRNAs, including 59 or 39 extensions and 1-or 2-nt shifts, such as miR156h and miR848 ( Fig. 1B) . Representing the third category are several highly abundant small RNAs corresponding to the miRNA* of annotated miRNAs, in some cases more abundant than the annotated miRNAs themselves. miR396b and miR779 exemplify this characteristic, with both the annotated miRNA and its miRNA* exhibiting DCL1 dependence (Fig. 1C ). Finally, some abundant small RNAs generated from precursors were unrelated to annotated miRNAs and represent the fourth category, such as for miR163 and miR869 (Fig. 1D ). In total, 35 additional abundant miRNAs arising from annotated precursors were identified. 
Variability of miRNAs
Due to the established importance of the 59 nucleotide of miRNAs in determining both target cleavage and AGO loading (Mi et al., 2008; Montgomery et al., 2008; Takeda et al., 2008; Wu et al., 2009; Havecker et al., 2010) , variance occurring at the start site of annotated miRNAs was examined in more detail. The abundance of small RNA sequences matching to the region three bases upstream and downstream of the annotated start site of each miRNA were graphed against their positions in the precursor (Fig. 2) . In general, high precision was observed, with approximately 90% of annotated miRNAs representing over half of the small RNA abundance surrounding their start sites. However, several atypical cases were immediately apparent. For example, MIR156h generates a highly abundant variant 1 nt upstream of its annotated start site, Figure 1 . S-plot analysis of selected miRNAs in the wild type (WT), rdr2, and dcl1. The sum of abundances of sequences matching to annotated miRNA precursors is plotted against their positions within the precursor. The most abundant sequence is denoted with a red circle, the annotated miRNA with a red inverted triangle, the additional significantly expressed miRNA with an orange inverted triangle, and the miRNA* with a blue asterisk. A, miRNA precursors that have one abundant small RNA corresponding to the annotated mature miRNA. B, Precursors that contain an abundant variant of the annotated miRNA. C, Precursors that contain an abundant small RNA corresponding to the star of the annotated mature miRNA. D, Precursors that contain an abundant small RNA not corresponding to the annotated mature RNA.
giving rise to the 21-nt miR156h.2 instead of the 20-nt miR156h. A similar pattern was observed for miR161.1, where a new variant represents approximately 90% of the small RNA abundance from that region. miR858, on the other hand, generates an annotated miRNA and a 59 variant of roughly equal abundance (47% and 52%, respectively) that is shifted 1 nt downstream of the annotated start site. Each of these variants is examined in more detail in other sections of this report.
Identification of New miRNAs
In addition to examining annotated miRNA precursors, computational filters were applied to the sequences from the 27 small RNA libraries in order to identify novel miRNA loci in Arabidopsis Zhai et al., 2011) . The filters were set based on the characteristics of previously annotated miRNAs (Meyers et al., 2008) . First, sequences matching to rRNAs, tRNAs, and other structural RNAs were removed. Due to the large pool of libraries representing different genetic backgrounds, life stages, tissues, and conditions, sequences with low expression levels (sum of abundance of less than 400 TP2M) that were present in only one library were excluded. Furthermore, sequences that were present in multiple libraries but did not have at least an abundance of 100 TP2M in at least one library were also removed. Next, sequences matching to more than 20 genomic loci were subjected to the miREAP pipeline and the loci that appeared to be siRNA-like clusters were removed Zhai et al., 2011) . The remaining loci were subjected to manual folding analysis using the CentroidFold program (Sato et al., 2009) . The ability to fold into a miRNA stem-loop precursor structure with no more than six unpaired bases between the miRNA-miRNA* duplex was also required. In the end, nine sequences passed these filters (Table II) .
To gain insight about the biological functions of the new miRNAs, their putative targets were predicted using the computational algorithm CleaveLand (Addo-Quaye et al., 2009) . New miRNAs, including the nine newly identified miRNAs as well as the 35 new miRNAs from previously annotated miRNA precursors, were subject to target prediction, and the results are listed in Supplemental Table S2 . To experimentally evaluate the potential targets, target cleavages guided by new miRNAs were investigated using PARE data of exori-bonuclease4 (xrn4) mutant flowers (German et al., 2008) . XRN4 is known to degrade miRNA-guided cleavage products, and this mutant has elevated levels of decay intermediates (Souret et al., 2004) . A modified Cleave-Land pipeline described in "Materials and Methods" was used to identify the cleavage events. Of 44 new miRNAs, 29 miRNAs showed evidence of a total of 96 target cleavages (Supplemental Table S2 ). The remaining 15 miRNAs may cleave their potential targets in other tissues or conditions not analyzed. We cannot rule out that some of these new miRNAs that lack cleavage evidence in flower are newly evolved miRNAs that have low expression in the wild type yet are enriched in the rdr2 mutant background. Consistent with this, miR-m3466 (from among the 15) was not found in wild-type libraries but was enriched in rdr2 libraries. It is also possible that such miRNAs function to regulate genes in other ways rather than via target cleavage.
Differential Expression of Environmental
Stress-Associated miRNAs miRNA expression levels in libraries from stressed plants were compared with those from control plants (unstressed) to determine if any miRNAs were differentially regulated. For most miRNAs, expression in plants treated with environmental stress did not change dramatically in comparison with unstressed plants. However, some miRNAs were significantly more or less abundant in a stressed library compared with the control library. For example, miR399 and miR827, which are well-known examples of miRNAs inducible by phosphate starvation (Fujii et al., 2005; Aung et al., 2006; Bari et al., 2006; Chiou et al., 2006; Valdés-López et al., 2008; Hsieh et al., 2009; Pant et al., 2009; Jeong et al., 2011) , were highly represented in the phosphate-starved rdr2 seedling library compared with its control library. Normalized expression values of miR399a and miR827 were 65 times (1,364 versus 21 TP2M) and 258 times (30,547 versus 118 TP2M) higher in the phosphate-starved sample compared with the control, respectively.
To further support the stress regulation observed from the sequencing results, stress-regulated miRNAs were experimentally validated using the splinted-ligation-mediated Figure 2 . The 59 variability of annotated Arabidopsis miRNAs. Abundances of all small RNAs matching to a 7-bp window around miRNAs are plotted against their positions relative to each annotated 59 start site, with 0 representing the annotated start, negative numbers representing sequences upstream, and positive numbers representing sequences downstream. A total of 158 miRNAs that had a sum of normalized abundance of greater than 100 reads across all libraries are represented.
Table II. Newly identified miRNAs
The abundance of newly identified miRNAs in wild-type, dcl1, and rdr2 flower libraries is shown. Arabidopsis lyrata flower data were obtained from Fahlgreen et al. (2010) . Cleavage data were obtained from German et al. (2008) . AGO loading biases were assessed as described in "Materials and Methods." ND, Not detected. miRNA detection method in the wild type. In general, there were no major differences in the expression patterns between sequencing data from rdr2 mutants and the validation results from the wild type. Specifically, miR773.2 was down-regulated in response to nickel stress in roots ( Fig. 3A) . Also, miR857 was highly represented in the library from droughttreated flower. This expression pattern was validated, as shown in Figure 3B . Laccase7 (LAC7), a target of miR857, was reduced under drought conditions when the miRNA increased. We also found that miR390 is down-regulated after submergence stress treatment in flowers ( Fig. 3C ). Although the sequencing frequency of miR390 is slightly higher in submergence-treated flowers compared with control flowers, the validation experiment showed opposite regulation. It has been shown that deep sequencing data are not always consistent with RNA expression level Zhang et al., 2011) . Downregulation of miR390 under submergence treatment was supported with the same expression pattern of a TAS3-derived trans-acting siRNA (tasiRNA) which is generated by miR390 activity (Adenot et al., 2006; Fahlgren et al., 2006; Garcia et al., 2006; Hunter et al., 2006) . TAS3A and ARF3, which are targets of miR390 and a TAS3-derived tasiRNA, respectively, were also diminished during the submergence treatment, instead of the expected inverse correlation pattern. This result implies an incoherent relationship among miR390, tasiRNAs, and their target genes. Taken together, these results indicate that previously annotated miRNAs may fulfill new regulatory roles in different tissues under diverse conditions. miRNAs That Exhibit Tissue-Preferential Expression
To examine differential expression in tissues, we compared miRNA expression between root and flower libraries from the wild type. Seedling and flower libraries from rdr2 were also explored to identify tissuepreferential miRNAs. Since the expression of most miRNAs was not changed by stress treatments, we assumed that libraries from same tissue treated with various stresses could be used as pseudobiological replicates of libraries from control tissue. With stringent criteria of a 10-fold or greater increase in one tissue compared with another, we identified 38 rootpreferential and 10 flower-preferential miRNAs from the wild type ( Fig. 4A ) and 18 seedling-preferential and 17 flower-preferential miRNAs from rdr2 (Fig.  4B ). Among the miRNAs with tissue-preferential expression observed in the wild type and rdr2, two flower-preferential miRNAs (miR391 and miR780.2) and four root-preferential miRNAs (miR167c.2, miR403, miR773.2, and miR846) were selected and validated using the splinted-ligation-mediated miRNA detection method in wild-type tissues (Fig. 4 , C and D). Most of these miRNAs represent new cases of tissue-preferential regulation in Arabidopsis.
Differential Expression of Distinct miRNAs in the Same Family
The aforementioned analysis of tissue-preferential expression of miRNAs from the sequencing data indicated that some miRNAs in the same family did not always show the same expression patterns. To explore this in more detail, miRNA families with more than two related sequence variants were initially investigated for their differential expression patterns in rdr2 seedlings and flowers. In total, miRNAs in six miRNA families (miR156/157, miR159/319, miR167, miR169, miR170/171, and miR396) were differentially expressed between these two tissues (Fig. 5; Supplemental Fig. S2, A and B, bottom left panels) . The splinted-ligationmediated miRNA detection method was then used to validate their expression patterns in the wild-type background. For example, miR159a and miR159b were equally expressed in seedlings and flowers (Fig. 5A, right) . In contrast, miR319ab and miR319c, which have slight sequence differences compared with miR159 family members, were preferentially expressed in flower compared with seedling. In the case of the miR167 family, miR167ab, miR167c, and miR167c.2 are modestly seedling preferential, whereas both the 21-and 22-nt variants of miR167d have much lower expression in flower (Fig.  5B, right) . The miR172 family was selected as an example where sequence variants among miRNA family members are few and their detectable expression patterns were similar ( Fig. 5C, right) . We observed that miR156h and miR156h.2 were flower preferential from the sequencing data, while the other miR156/157 family members are seedling preferential (Supplemental Fig.  S2A ). Because of sequence similarity at the 39 ends of miR156 family members, we could not distinguish their expression pattern by the splinted-ligation-mediated miRNA detection method; however, sequencing data indicated clear tissue preferences. Finally, we identified members in the miR169 and miR171 families that also showed variable expression patterns, most of which could be validated via splinted ligation (Supplemental Fig. S2, B and C).
The miR396 family consists of two members, miR396a and miR396b, that differ by 1 nt at their 39 ends ( Fig. 6A ) and show differential expression patterns. While miR396a was preferentially expressed in root, miR396b showed preferential expression in flower (Fig. 6B ). In the S-plot analysis, both of these miRNAs have abundant miRNA*s, which were designated as miR396a-3p and miR396b-3p (Fig. 1C) . As is the case with most miRNA/miRNA* pairs, miR396b-3p showed the same flower-preferential accumulation as miR396b. Interestingly, the expression pattern of miR396a-3p was distinct from the root-preferential expression of miR396a. miR396a-3p was nearly undetectable in root but was expressed in flowers, implying tissue-preferential stability of this miRNA*. The expression pattern of miR396a precursor was similar to that of miR396b, further supporting the flower-specific stability of miR396a-3p ( Fig. 6D ) and its potential for function in that organ.
Loading Biases of miRNA Variants and Family Members in AGO Proteins
Since miRNAs are known to exert their function by interacting with AGO proteins, we sought to explore this association for Arabidopsis miRNAs using the Figure 3 . Expression patterns of stress-responsive miRNAs and their target genes. miRNA expression was examined in the wild type with the splinted-ligation-mediated miRNA detection method. miR156h.2 was used as a loading control. For mRNA expression analysis, RNA gel blotting was performed using the wild type. Genes in boldface are targets of miRNAs and tasiRNA. Rd29a was used as a control for stress treatment. rRNAs are shown as loading controls. A, Expression of miR773.2 in roots in response to nickel stress. Root tissues were harvested from the plants treated with or without 50 mM NiNO 3 . B, Time course of expression of miR857 and its target RNA during drought stress in flower. C, Time course of expression of miR390ab and TAS3A-1 under submergence stress in flower. Tas3a RNA is a target of miR390ab. ARF3 mRNA is a target of TAS3A-1.
wealth of AGO pull-down data that have accumulated in recent years. AGO1 has the most well-studied association with the miRNA pathway in Arabidopsis. However, miRNAs are also reported to be present on the other proteins in the AGO family (Montgomery et al., 2008; Zhang et al., 2011) , so determining whether different miRNA family members and variants had specific AGO loading preferences was of particular interest. To this end, published AGO pull-down data from seven studies (Qi et al., 2006; Mi et al., 2008; Montgomery et al., 2008; Havecker et al., 2010; Li et al., 2010; Wang et al., 2011; Zhang et al., 2011) available to date were utilized ( Supplemental Table S3 ). In total, 28 different pull-down libraries from AGO1, AGO2, AGO4, AGO5, AGO6, AGO7, and AGO9 were included in this analysis. In keeping with its known association with the miRNA pathway, AGO1 showed the highest degree of miRNA loading, with roughly half (113 of 217) of all annotated and new miRNAs present at greater than 50 transcripts per million in at least one AGO1 pull-down library (Supplemental Fig. S3 ). However, pull-down libraries made using other AGOs contained a number of annotated miRNAs with abundances greater than 50 transcripts per million, ranging from 20 (AGO7) to 64 (AGO4) miRNAs. Many miRNAs were represented at a substantially higher level on these other AGO family members, and they were examined in more detail. Figure 5 . Differential expression of sequence variants in the same miRNA family. The sequences of miRNA family members were aligned, and nucleotides that differ are boxed in gray. miRNA expression data from nine rdr2 seedlings (S) and eight rdr2 flowers (F) are represented with box plots. Validation of the expression patterns in the wild type (WT) was accomplished by splintedligation-based miRNA detection. A, miR159/319 family. B, miR167 family. C, miR172 family.
We first investigated the miR159 family members, which are encoded by three separate miRNA loci. All of these miRNAs have identical 59 ends and only differ within the last 2 nt of their 39 ends. However, examination of AGO pull-down data reveals that these family members differ significantly in their AGO loading biases. miR159a is present in all AGO pulldown libraries but shows the highest degree of loading on AGO1 in flowers (more than 127,000 TP2M), with loading of less than 25,000 TP2M in all the other libraries (Fig. 7A) . In contrast, the sequenced abundance of miR159b on AGO2 was nearly 1.4 million TP2M in leaves and less than 20,000 TP2M on any other AGO. miR159c was sequenced less than 10 times across all of our small RNA libraries ( Supplemental  Table S1 ) and was found at a substantially lower level (100-300 TP2M) in AGO2 pull-down libraries and less than 50 TP2M on any other AGO. Given these different expression levels and AGO loading biases, it seems likely that, despite their high degree of sequence similarity, miR159 family members may each play a unique role in regulating their target transcription factors by loading to specific AGOs.
In the case of the miR396 family, both members exhibited different loading patterns between their annotated miRNAs and miRNA*s. In flower tissue, miR396a and miR396b were sequenced on AGO1 more than 1,700 and 950 TP2M, respectively, with loading of less than 350 TP2M on all other AGOs, indicating their preference for AGO1 ( Fig. 7B ). miR396b-3p accumulated slightly on AGO2 in flower, but detection was very low on the other AGOs. In addition, it was present at more than 1,000 TP2M on AGO2 from leaf tissue. miR396a-3p, on the other hand, was found on AGO1 and AGO2 as well as AGO4. In leaf tissue, it accumulated on AGO1 and AGO2. However, it was sequenced almost 1,300 TP2M on AGO4 in flowers and less than 100 TP2M on all other AGOs, showing a clear preference in this tissue. Given that AGO4 is flowerpreferentially expressed (Mallory and Vaucheret, 2010) , AGO4-preferential loading of miR396a-3p could contribute to its flower-preferential expression.
Finally, AGO loading biases of the miR163 locus, which generates an additional miRNA, miR163.2, immediately downstream of the 39 end of the annotated miR163.1, were examined in detail (Fig. 1D ). Although both of these miRNAs share a high degree of complementarity to the same targets encoding S-adenosyl methyltransferases, they have significantly different AGO loading patterns. miR163.1 has a more typical AGO1 loading bias, sequenced to more than 1,000 TP2M on AGO1 in flowers and less than 250 TP2M on any other AGO (Fig. 7C ). miR163.2 was sequenced more than 35,000 TP2M on AGO2 in flowers and less than 2,000 TP2M on any other AGO. miR163.2 was also present at nearly 1,200 TP2M on AGO2 in leaves. Figure 6 . Differences in the expression patterns of miRNA and miRNA*. A, Sequence alignment of miRNAs and miRNA*s of the miR396 family. Red characters highlight sequence differences. B, Expression levels of miRNAs and miRNA*s of the miR396 family from small RNA sequencing. Black circles represent abundances from two root libraries, and red circles represent four flower libraries of the wild type (WT). C, Validation of differential expression patterns by splintedligation-mediated miRNA detection using bridge oligonucleotides that are designed to distinguish sequence differences at the 39 ends of miRNAs and miRNA*s. The loading control is shown in Figure 4 , for which the same RNA samples were used. D, Reverse transcription-PCR of MIR396A and MIR396B precursors. Tub8 was used as a control.
Interestingly, this AGO2 loading increased to over 7,000 TP2M upon Pseudomonas syringae pv tomato (Pst)infected leaves, while miR163.1's AGO2 loading remained at a low level around 10 TP2M. This increase in AGO2 loading during infection is intriguing because it implies that the miR163 locus may play a yet undiscovered regulatory role.
Differential Cleavage by miRNA Family Members and Variants
To determine whether miRNA variants could guide the specific cleavage of mRNAs, PARE data for cleavage events directed by annotated miRNAs were compared with cleavage events directed by their abundant variants. We first examined miR858.2, which is generated 1 nt downstream of the annotated start site of miR858.1 and is present at a relatively equal abundance (Fig. 8A) . Target prediction indicated that both the annotated miRNA and its variant target the same five members of the MYB transcription factor family, one of which is shown in Figure 8A . These targets have nearly identical sequences in the miRNA pairing region and have similar target prediction scores for miR858.1 and miR858.2. However, since the variation between these miRNAs occurs at the 59 end, their resulting cleavage products also differ by 1 nt, enabling us to separate them in PARE data. Indeed, PARE data detected cleavage events caused by both miR858.1 and miR858.2 from the MYB transcription factor mRNAs at relatively equal levels (35 and 39 transcripts per ten million Figure 7 . AGO loading biases of selected miRNAs. Normalized abundances of the indicated miRNAs in each AGO pull-down library are represented as bar graphs. The GEO accession numbers of the representative libraries are as follows: AGO1 flower (GSM253), AGO1 leaf (GSM642335), AGO1 infected (GSM642336), AGO2 flower (GSM253623), AGO2 leaf (GSM642337), AGO2 infected (GSM642338), AGO4 flower (GSM253624), AGO4 leaf (GSM707687), AGO5 flower (GSM253625), AGO6 flower (GSM415790), AGO7 flower (GSM304285), AGO9 aerial (GSM415791). Prominent loading biases are evident for members of the miR159 family for AGO1 and AGO2 (A), the miR396 family for AGO1 and AGO4 (B), and the miR163 family for AGO1 and AGO2 (C).
[TP10M], respectively, for AT5G49330), indicating that both miRNAs generated from the miR858 precursor play important roles in regulating this gene family.
The miR161 locus, which has been reported to generate two miRNAs that target the same members of the Pentatricopenptide Repeat (PPR) gene family, was examined next. Our small RNA sequencing data showed an additional highly abundant miRNA 1 nt upstream of the annotated start site of miR161.1, which was designated as miR161.3 (Fig. 2) . Not surprisingly, miR161.3's target prediction resulted in a similar pool of target mRNAs as miR161.1. However, unlike in the case of miR858, a bulge present near bases 10 and 11 of miR161.1 and miR161.3 during target pairings has the potential to affect their respective cleavage levels. Although this bulge only resulted in a different target score for one target (Supplemental Fig. S4 ), the importance of perfect matching near the cleavage site has been established previously (Alves et al., 2009) . Indeed, different pairings near the cleavage site of miR161.1 and Figure 8 . Cleavage mediated by miR858 and miR161 variants. Predicted cleavage sites of miR858 and miR161 are indicated by arrows and boldface 59 nucleotides on target mRNAs. Target scores for each miRNA are also shown. Target cleavage data were obtained from PARE data of xrn4 flower (German et al., 2008) . PARE abundance is shown in the histograms. Gray bars indicate cleavage mediated by the annotated miRNAs, white bars indicate cleavage mediated by variants, and black bars indicate other decay intermediates. A, Cleavage of MYB111 mRNA mediated by miR858. B, Cleavage of PPR (A1G06580) mRNA mediated by miR161 and its variants. C, Cleavage of PPR (AT1G63080) mRNA mediated by miR161 and its variants. miR161.3 were enough to generate different cleavage patterns in several of the target genes found in PARE data. Four out of the six PPR genes, exemplified by AT1G06580, show PARE sequences corresponding to cleavage guided by all three miRNAs arising from the miR161 stem loop (Fig. 8B) . However, two genes, exemplified by AT1G63080, only have cleavage intermediates arising from the previously unannotated miR161.3 ( Fig.  8C; Supplemental Fig. S4 ). This indicates that the 1-nt shift results in differential target RNA cleavage and possibly regulation of the target genes.
Small RNA sequencing data also identified an abundant miRNA generated immediately downstream of the annotated 39 ends of miR163 and miR163.2. Interestingly, the stem of the miR163 pre-miRNA is reported to have maintained complementarity to the family of SAMT genes past the 39 end of the annotated miRNA (Allen et al., 2004) . Indeed, target prediction showed that miR163.2 is predicted to target members of the SAMT family with target scores in the range of 4.0 (Fig. 9A ). In keeping with the relatively loose predicted pairing, no decay intermediates resulting from miR163.2-guided cleavage were detected in the PARE data. Intriguingly, the divergence of miR163.2 from perfect pairing with SAMT family members has enabled the targeting of a zinc finger protein gene, AT4G11680 (Fig. 9 ). Cleavage of AT4G11680 guided by miR163.2 is detected in PARE data, while miR163.1 shares nearly no complementarity to this gene and generates no detectible cleavage product.
In addition to analyzing cleavages guided by miRNA variants, cleavages specific to family members were investigated. We analyzed the miR156/157 family, which targets the large family of Squamosa Promoter Binding Protein-Like (SPL) mRNAs. The miR156/157 family consists of both 20-and 21-nt miRNAs, with miR156h generating miRNAs of both lengths (Fig. 10) . Moreover, members of the miR156/157 family have two additional sequence variations in the middle of the miRNAs (Supplemental Fig. S2 ). Since the size variation results from a difference in the 59 start site, cleavage events from the two size classes are readily distinguishable in PARE data. Many miR156/157 targets, such as SPL11, have PARE sequences corresponding to roughly equal levels of cleavage by both 21-and 20-nt miR156/157 family members (112 and 168 TP10M, respectively; Fig. 10A ). However, several SPL genes have poor target prediction scores for all the other family members except 20-nt miR156a-g and show a clear preference for cleavage events directed by 20-nt family members in the PARE data. This class is exemplified by SPL3, which has decay products from cleavage guided by 20-nt family members that had abundances of 224 TP10M in the PARE data compared with those guided by 21-nt family members with abundances of only 20 TP10M (Fig. 10B ). This means that while miR156a-g is capable of guiding the cleavage of all target RNAs, the other family members, including those 21 nt in length, have less access to some of their targets. Additionally, since miR156h and miR156h.2 have a clear flower-preferential expression pattern, while the other members of the miR156/157 family are seedling preferential (Supplemental Fig. S2 ), differential cleavage of SPL genes could result in tissue-specific regulation by different members of the same miRNA family. 
DISCUSSION
This work greatly expands the available small RNA data by contributing novel stress conditions and deeper coverage of small RNA biogenesis mutants. As a result, interesting new miRNAs and cases of new regulation of known miRNAs were identified and validated. However, the power of this large data set was most pronounced when the emerging diversity of miRNA variants was considered together with PARE data, AGO immunoprecipitation data, and small RNA expression data. This not only led to a better understanding of miRNA regulation and cleavage function but, in some instances, also provided insights about how previous and future biological observations can be explained.
Discovery and Validation of New miRNAs and New Regulation
Although there are many Arabidopsis small RNA libraries available in the Gene Expression Omnibus (GEO) and the National Center for Biotechnology Information (NCBI), data from many tissue and stress conditions are not available. This work contributed data from a number of these missing conditions, such as submergence-stressed flowers, dual (salt and submergence) stressed seedlings, and nickel-stressed root (Table I ). In addition, we have included abiotic stress responses in flower tissues, which have not been well studied. With respect to small RNA biosynthesis mutants, we made the most libraries from rdr2, which is known to enrich for miRNAs in sequencing populations . The rdr2 background enhanced the discovery of new miRNAs and identified cases of new regulation that could be validated in wild-type plants. Our analysis uncovered a total of 44 miRNAs from new and known precursors. These confirmed two new miRNAs from known precursors and seven from new precursors that were recently reported (Borges et al., 2011; Breakfield et al., 2012) . Nevertheless, the 35 remaining new miRNAs increased the number of annotated miRNAs by about 10%. The predominance of new miRNAs from known precursors is reminiscent of recent studies in rice (Oryza sativa) derived from diverse tissues and conditions (Jeong and Green, 2012) . Using Arabidopsis PARE data, evidence for target Figure 10 . Differential regulation of SPL genes by miR156/157 family members. Predicted cleavage sites of miR156/157 family members are indicated by arrows and boldface 59 nucleotides on the SPL mRNAs. The target score of each member of the miR156/157 family is shown. Target cleavage sites were determined from PARE data from xrn4 flower (German et al., 2008) . PARE sequence abundance is shown in the histogram. Gray bars indicate cleavage mediated by 20-nt miR156/157 family members (miR156a-g, miR157d, and miR156h). White bars indicate cleavage mediated by 21-nt miR156/157 family members (miR156h.2 and miR157a-c). Black bars indicate other mRNA decay intermediates. A, Cleavage of SPL11 mRNA mediated by miR156/157 family members. B, Cleavage of SPL3 mRNA mainly mediated by miR156a-g.
cleavage guided by 29 of the 44 new miRNAs at the precise expected site was obtained. This is a reasonable percentage (approximately 66%), considering that the Arabidopsis PARE data were only from flowers and the miRNAs were derived from extremely diverse samples in comparison. As more RNA degradome data emerge from PARE and other approaches, it is likely that an even higher percentage of the new miRNAs will be validated for target cleavage function.
Based on the sequencing data, new examples of the regulation of known miRNAs were detected that were validated in independent experiments and in biological replicates. Many new tissue preferences were uncovered, including several flowerand root-preferential miRNAs, such as miR391 and miR856 in flower and miR403 and miR162 in root (Fig. 4) . In addition, novel stress regulation was demonstrated in particular tissues, such as the nickel repression of miR773 in root and the drought induction of miR857 and the submergence responsiveness of miR390 and TAS3A-1 in flower (Fig. 3) . It is likely that regulation through miR857 plays a greater role in regulating the expression of its target, LAC7, compared with the targets of miR390ab and TAS3A-1, Tas3a and ARF3. Expression of the latter targets is not inversely related to the miRNAs, whereas inverse control is marked for miR857 and LAC7.
mRNAs from Known Precursors Represent Diverse Biogenesis Mechanisms and Functional Potentials
This study involved a thorough analysis of appreciably expressed miRNAs that derive from known precursors. As illustrated in Figure 11 , many of these are variants of a reference miRNA that arose either from different precursors within a miRNA family (Fig.  11A ) or multiple processing events from a single precursor (isomiRs; Fig. 11B ). Many of the sequence variations occurred at the 39 end of miRNAs, which is not thought to be critical for target selection yet may affect function in different ways. For example, it is known that 22-nt miRNAs can trigger both target cleavage and the production of secondary siRNAs, while most 21-nt miRNAs trigger target cleavage without secondary siRNA generation (Chen et al., 2010; Cuperus et al., 2010; Manavella et al., 2012) . In the case of the miR159 family, we showed that miRNA variants with 39 variation not only exhibited marked differences in tissue-preferential expression ( Fig. 5A ) but also had different AGO loading biases (Fig. 7A ). Although more than 90% of the miRNA precursors were processed to predominantly generate one miRNA from the corresponding 59 start site, several isomiRs with 59 variation were strongly expressed. In the case of miR161.1, the two isomiRs had an overlapping pool of predicted targets. However, PARE data revealed that some targets were only cleaved by one isomiR while others were cleaved by both (Fig. 8, B and C) , implying that isomiRs represent an additional and currently underappreciated level of fine control on target mRNAs.
In addition to miRNA variants, we have also shown that two nonoverlapping miRNAs from one precursor can be identified with substantial abundance levels (Fig. 11, C and D) . Since these miRNAs originate from the same precursor, their expression is expected to be highly correlated. However, we also demonstrated that some of these miRNAs possess different tissue preferences (Fig. 6) . In some cases, this could be the result of differential DICER processing (Fig. 11F) . However, many of these miRNAs were actually miRNA*s of annotated miRNAs, meaning that the same DICER processing event excises both (Fig. 11D ). In these cases, differential stability could be the result of AGO loading biases (Fig. 11H) .
By combining publicly available small RNA sequencing data for AGO immunoprecipitations, it was evident that all AGOs bound numerous different miRNAs above our threshold of 50 transcripts per million. However, the number of miRNAs that had such loading associations with each of the AGOs varied. AGO7 was loaded with the fewest miRNAs (n = 20), whereas AGO1 was loaded with the most (n = 113). These observations made with the combined AGO loading data set derived from multiple studies were similar to those made previously from subsets of the data (Qi et al., 2006; Montgomery et al., 2008; Havecker et al., 2010; Wang et al., 2011) . However, when miRNAs were examined individually, all AGOs exhibited a strong loading bias for specific miRNAs, often not in keeping with their established 59 nucleotide or size preferences. For example, miR159a-b has a 59 U and is highly represented on AGO2, which is biased for 59 A ( Supplemental Table S3 ), whereas the miR156/157 family is 20 to 21 nt with a 59 U and is highly represented on AGO9, which is biased for 24-nt with a 59 A. More importantly, AGO loading preferences can mechanistically explain tissue-specific miRNA expression patterns, as in the case of miR396a-3p, or biological function, as in the case of miR161.2. Moreover, as these and the miR56/157 family examples below emphasize, interpretation of available AGO loading data, miRNA expression patterns, and global target cleavage data is not only synergistic but enables the greatest insights about diverse miRNAs, their variants, and nonoverlapping miRNAs from the same precursors ( Fig. 11 ).
Perhaps the best example we observed of differential miRNA expression that can be explained by AGO loading relates to a miRNA*. Although miRNA*s have traditionally been thought to be rapidly degraded and nonfunctional, recent work has challenged this notion; hence, the miRNA* notation is no longer used in miRBase. For instance, it was reported that miR393* (miR393-3p) is pathogen responsive and acts via AGO2 to repress the expression of MEMBRIN12 and confer infection resistance . Our work revealed abundant miRNA*s with tissuepreferential expression for both members of the miR396 family ( Fig. 6; Supplemental Fig. S5A ). miR396a-5p, in particular, was expressed at lower levels in flowers compared with root, while the other "*" strand of the miRNA duplex exhibits the opposite pattern. Given that both miR396a-5p and miR396a-3p are dependent on the same DCL1 excision event, differential expression is likely the result of differences in the stability of the processed miRNA resulting from differential AGO loading. Indeed, examination of AGO immunoprecipitation data showed that miR396a-5p is primarily loaded onto AGO1, while miR396a-3p is primarily loaded onto AGO4. Expression data have shown that AGO4 is present in higher amounts in flower compared with vegetative tissue (Kapoor et al., 2008) , which could explain the tissuespecific expression differences between miR396a-5p and its star ( Fig. 11H; Supplemental Fig. S5A ). This is also supported by a recent study showing that the majority of miRNAs with AGO4 loading bias are also flower preferential (Meng et al., 2012) . Differential AGO loading also means that miR396a-5p and its star may function via different mechanisms, with miR396a-5p guiding AGO1-dependent cleavage of target mRNAs in all tissues while its star could guide AGO4dependent functions in flowers.
In some cases, additional miRNAs from annotated precursors have been noted in the literature but never added to miRBase, resulting in their being overlooked in subsequent analyses. Specifically, miR163.2 was previously discovered and determined to be AGO2 preferential (Kurihara and Watanabe, 2004; Takeda et al., 2008) , but it was not yet officially added to miRBase. Our investigation of recently published AGO immunoprecipitation data revealed that, while Figure 11 . Diverse mechanisms of miRNA biogenesis and function. miRNA variant diversity arises from different RNA precursors that may arise from the same or different genes or from differences in precursor processing. Multiple mechanisms also control miRNA function, including transcriptional or posttranscriptional regulation of miRNA abundance, differential AGO loading, and differential target cleavage. miRNA variants originate either from different precursors transcribed from members of a miR gene family (A) or from a single precursor by differential processing (B). miRNAs with nonoverlapping sequences are also generated from distinct sites within a precursor (C) or from different arms of a precursor (D). Differential expression patterns of miRNAs are often due to differential transcription (or stability of pri-or pre-miRNA precursors; E) but may also be caused by differential DICER processing or miRNA stability (F). When miRNAs are loaded onto AGO proteins, some AGO proteins show a strong preference for binding miRNAs that have a particular base as the first nucleotide (G). While AGO1 is widely expressed, some AGO proteins are preferentially expressed in a certain tissue or induced by pathogen infection, thus stabilizing the incorporated miRNAs and functioning in a specific tissue or condition (H). Slight sequence differences in miRNA variants are sometimes critical to distinguish their targets (I). In addition, differential target cleavage can be the result of differences in miRNA abundance in specific tissues (J). annotated miR163.1 levels are unchanged by Pst infection, unannotated AGO2-bound miR163.2 is increased more than 6-fold (Fig. 7C ). This is particularly interesting because AGO2 protein levels are known to increase after Pst infection, and this increase plays a role in pathogen defense . Furthermore, we show that miR163.2 guides the cleavage of a RING zinc finger mRNA that is not targeted by miR163.1 (Fig. 9B; Supplemental Fig. S5B ). It is also notable that the common target genes of miR163.1 and miR163.2 encode a family of small molecule methyltransferases involved in secondary metabolite biosynthetic pathways that act in plant defense responses (Ng et al., 2011) . Taken together, target genes of miR163.1 and miR163.2 as well as miR163.2's AGO2 loading and pathogen responsiveness imply that miR163 may be playing an important role in plant immunity (Supplemental Fig. S5B ).
Functional specification of miRNA variants can be achieved via differential expression, differential AGO loading, and/or sequence variation. It was reported that two closely related miRNAs, miR159 and miR319, are specialized for the regulation of MYB and TCP transcription factor mRNAs, respectively (Palatnik et al., 2007) . They share 17 identical nucleotides but have 59 ends that are offset by a single nucleotide, which is enough to technically differentiate the positions of target cleavage guided by each. Slight sequence variations between miR159 and miR319 were sufficient for these miRNAs to specifically recognize their distinct targets. In addition, their differential expression patterns also affect their functional specification. In this study, we demonstrate that miR156/157 family members are functionally specialized through differential expression and sequence differences (Supplemental Fig. S5C ). Analysis of their expression patterns showed that a group of family members, represented by miR156a, was seedling preferential, while the other members, represented by miR156h.2, were flower preferential (Supplemental Fig. S2 ). Additionally, sequence variations among miR156/157 family members were identified both at 59 ends and the middle of the sequences. This sequence polymorphism was predicted to cause different target preferences of the miR156/157 family members. For example, miR156a should potentially target both SPL11 and SPL3, while miR156h.2 should target only SPL11 but not SPL3. This was supported by PARE data analysis, showing that SPL11 has two major cleavage events that are guided by both miR156a and miR156h.2, while SPL3 has only one major cleavage guided by miR156a. Although the PARE data were from flower libraries, the major regulator in seedling is likely miR156a rather than 156h, due to its higher expression level. Functional specialization of miR156a and miR156h.2 is similar to the case of miR156 and miR529 reported in rice . In rice, miR156 and miR529 are members of the same family and both target SPL genes. It was reported that the interplay between seedling-preferential miR156 and panicle-preferential miR529 affects branching patterns of plant architecture by regulating the expression of OsSPL14 . Although dicot plants such as Arabidopsis do not have miR529, our results imply that Arabidopsis miR156h.2 might function similarly to rice miR529 and thus impact development differently than miR156a.
It is clear from this work that the Arabidopsis system is not saturated for the discovery of new miRNAs and new miRNA regulation. In particular, elucidating the complexities of miRNA variants is an exciting topic that deserves more attention in Arabidopsis because of the tools available and its broad relevance to plants in general. The power of integrating data from massive small RNA sequencing, validation of gene expression, genome-wide analysis of target cleavage, and AGO pull-down studies has led to new insights about how miRNAs with subtle differences or nonoverlapping miRNAs from the same precursor can influence biological processes. The examples presented here emphasize the synergistic potential of combining such data on a larger scale. Specifically, for systems biology models, augmenting the inclusion of miRNA-target RNA pairs with PARE/RNA degradome data, AGO pull-down data, and the expression of all relevant components should greatly enhance our ability to understand the complexity of miRNA function in plants.
MATERIALS AND METHODS
Plant Growth and Stress Treatments
Plant material was harvested from Arabidopsis (Arabidopsis thaliana) Col-0 wild type and rdr2-1, dcl234, and dcl1-7 mutants that have been described previously (Peragine et al., 2004; Xie et al., 2004; Henderson et al., 2006) . For flowers, seeds were sown directly onto soil and grown at 21°C in a growth chamber with 16 h of light for 6 weeks. Submergence stress was applied by submerging plants under sterile water for 4 h prior to harvesting. For salt stress, 0.1 or 0.3 M NaCl solution was added to plants for 24 h before harvesting. Cold stress was carried out by transferring plants to a 4°C cold room with continuous light for 24 h.
For seedlings, surface-sterilized seeds were plated onto Murashige and Skoog (MS) medium and grown in a chamber at 21°C with 16 h of light for 2 weeks. Heat stress was applied by placing plants at 37°C for 8 h prior to harvesting. Salt and submergence stresses were carried out by pouring 40 mL of sterile water with 0.3 M NaCl (salt) or without (submergence) 8 h before harvesting. Phosphate starvation stress was carried out by plating onto MS medium containing one-tenth the normal amount of phosphate as described previously (Jeong et al., 2010) .
For roots, 40 4-d-old wild-type plants germinated on MS (with 3% Suc) medium were transferred to magenta boxes containing a mesh for separating roots and shoots with 100 mL each of MS liquid medium (with 1% Suc). Furthermore, the boxes were incubated on a rotary shaker set at 90 rpm illuminated with cool-white fluorescent light at 25°C 6 2°C. The treatment flasks received 50 mM NiNO 3 , and control plants did not receive any NiNO 3 . Both the treatment and control flasks were incubated for 15 d, the roots were harvested on day 15, and the RNA was isolated for preparing the library. All tissues were harvested, immediately frozen in liquid nitrogen, and stored at 280°C. RNA was extracted using Trizol reagent (Molecular Research Center).
Small RNA Library Construction and Sequencing
Small RNA libraries were constructed as described previously (Lu et al., 2007) . In short, small RNA was isolated from total RNAs using PEG8000/ NaCl-mediated low-M r RNA precipitation and run on a 15% denaturing PAGE gel to select and extract 20-to 30-nt RNAs. The 59 and 39 adaptors were ligated, followed by additional PAGE purification after each reaction. RNAcontaining adaptors were then reverse transcribed and amplified via 18 cycles of PCR followed by PAGE purification to select the final product. Libraries were sequenced using the Illumina IIGX platform.
Analysis of Small RNA Sequencing Data
Sequencing data from small RNA libraries were first trimmed to remove adaptor sequences, followed by mapping to the Arabidopsis genome (The Arabidopsis Information Resource version 10; http://www.arabidopsis.org). Only reads matching perfectly to this genome and not matching tRNA, rRNA, and snoRNA were retained for further analysis. Initial analysis of known mature miRNAs and their precursors was based on miRBase version 14. The new miRNA prediction pipeline was run as described previously Zhai et al., 2011) , except for the more stringent cutoff requiring total abundance greater than 400 TP2M across all the small libraries analyzed. Just prior to submission, all newly identified miRNAs were compared against the latest miRBase, version 19 (Kozomara and Griffiths-Jones, 2011), as described in "Discussion."
RNA-Blot Analysis
mRNA blots were carried out by running 20 mg of total RNA onto 1.5% formaldehyde agarose gels, followed by transfer onto Hybond N + membranes. Membranes were then prehybridized overnight using hybridization buffer (Church and Gilbert, 1984) and probed with 32 P-labeled probes. The probes were generated by PCR using the primers described in Supplemental Table S4 . mRNAs were visualized using a Typhoon phosphor imager (GE Healthcare Life Sciences).
Splinted-Ligation-Mediated miRNA Detection miRNAs were visualized using the miRtect-IT miRNA labeling and detection kit (Affymetrix) as described previously (Maroney et al., 2008; Jeong and Green, 2012) . In short, miRNAs were captured from 2 to 16 mg of total RNA using a bridge oligonucleotide that is designed to specifically detect one specific miRNA variant, as described in Supplemental Table S4 , and ligated to a 32 P-labeled detection oligonucleotide using T4 DNA ligase. The resulting products were separated via a 15% PAGE gel and visualized using a Typhoon phosphor imager (GE Healthcare Life Sciences).
AGO Pull-Down Comparison
Small RNA sequencing data were obtained from the NCBI GEO (http:// www.ncbi.nlm.nih.gov/geo/). GEO accession numbers are provided for each library in Supplemental Table S3 . Using Perl scripts, all sequencing data were normalized to one transcript per million. The abundance of sequences perfectly matching to all annotated and newly reported Arabidopsis miRNAs was extracted and combined into a merged data set. Loading biases were interrogated through manual analysis of this merged data set.
miRNA 59 Variability Analysis
Annotated and newly reported miRNAs with total abundances greater than 100 transcripts per million across all libraries were analyzed for variance occurring at their 59 start site. The sum of the abundance of all small RNAs perfectly matching to a 7-bp region surrounding the annotated 59 start site of a miRNA was graphed against their position relative to the start site (ranging from 3 nt upstream to 3 nt downstream).
Prediction and Validation of miRNA Targets
Targets were predicted for all new miRNAs using both psRNATarget (Dai and Zhao, 2011 ) and a modified CleaveLand version 2.0 target prediction software suite (http://axtell-lab-psu.weebly.com/cleaveland.html; Addo-Quaye et al., 2009) . miRNAs were first matched to the Arabidopsis genome (The Arabidopsis Information Resource version 9; http://www.arabidopsis. org) using SHRiMP version 2.2.0 (http://compbio.cs.toronto.edu/shrimp/), and miRNA targets were predicted using a modified version of CleaveLand's targetfinder.pl Perl script, which added an additional score (GreenLab [GL] score) in addition to the CleaveLand score for target prediction. Targets with GL prediction scores of 5.0 or less or a CleaveLand prediction score of 7.0 or less were considered to be potential targets. To validate predicted cleavage, Parallel Analysis of RNA Ends sequencing data from xrn4 flowers were obtained from the NCBI GEO with accession number GSM280227. Sequences perfectly matching to cleavage products starting between bases 10 and 11 from the 59 end of the predicted miRNA pairings were considered as evidence for miRNA-guided cleavage and were obtained through use of a custom Perl script.
Newly generated small RNA data have been deposited at the NCBI GEO under accession number GSE44622. The data are also available at http:// mpss.udel.edu/at_sRNA2.
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